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On! 

^\ The CP violating electric and weak dipole moment form factors of the top quark, 

,_^ , d"'(s) and d z (s) , appear in the process e+e~ — > tt. We present a complete analysis 

of these dipole moment formfactors within the Minimal Supersymmetric Standard 
v-» ■ Model with complex parameters. We include gluino, chargino, and neutralino 

jy ' exchange in the loop of the ■ytt and Ztt vertex. We give analytic expressions and 

^J ' present numerical results for the asymmetries that measure these formfactors. 

m : 

i— I . 

t— I ' 1 Introduction 

>: 

The large mass of the top quark allows one to probe physics at a high energy 
scale, where new physics might show up. In the last years a number of papersufi 
considered &P observables in top quark production (and decays) as tests for 
new physics. In e + e~ annihilation these effects are due to the weak and electric 
r~^. \ dipole moment formfactors d z (s) and cP(s) of the top quark. In general, the 

Q\ ' jtt and Ztt vertices V' and V z including the 0P formfactors are 

P,; eiV^u = e(§7 M " ^(s) (V u /m t ) l5 ) (1) 

p; gz(v z ) a = gz(in(gv + gAjs) - ^ z (s) (v u /m t ) l5 ) , (2) 

<d : 

*& ; where V^ =Pt» - Pi», gv = (1/2) - (4/3) sin 2 @ w , g A = -(1/2), g z = 

^. \ g/ (2cosQy/)i an d g = e/sin0 w with e the electromagnetic coupling constant 

and <d w the Weinberg angle. 

In the Standard Model (SM) 0P can appear only through the phase in 
53 ' the CKM-matrix. The dipole moment formfactors cP(s) and d z (s) for quarks 

are at least two-loop order effects and hence very small. In the Minimal Su- 
persymmetric Standard Model (MSSM)u with complex parameters additional 
complex couplings are possible leading to 6P within one generation at one- 
loop levels. If the masses of SUSY particles are not very much higher than 
the mass of the top, one expects SUSY radiative corrections tc^induce non- 
neglible contributions to (P(s) and d z {s) . They are calculated incrti. Although 
the gluino contribution is proportional to the strong coupling a s the chargino 
contribution, .which is proportional to a w {— g 2 /(4ir)) can be equally impor- 
tant (see alsoQ). This is due to threshold enhancements and the large Yukawa 
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couplings: Y t = m t /(v2m w sin/3) and 1& = TO{,/(\/2to w cos/3). In general the 
neutralino contribution turns out to be smaller. However, there are cases where 
it is important. 

2 Complex couplings in the MSSM 

In the MSSM the higgsino mass parameter fi and the trilinear scalar coupling 
parameters A t and Ab can be comnle-x anc j thus provide 0P phases. Assuming 
unifivation there are constraints 1313 on the phases from the measurement of 
the electric dipole moment (EDM) of the neutron. Being less restrictive we 
only assume unification of the gauge couplings: m§ = {a s /a.2)M « 3M and 
Af = | tan 2 @ W M. The calculation of the dipole moment formfactors requires 
the diagonalization of the squark, chargino, and neutralino mass matrices. We 
use the singular value decomposition 19 to diagonalize the complex neutralino 
and chargino mass matrices. n 

The gluino contribution has been calculated in El. The chargino and neu- 
tralino contributions El depend on the gaugino and higgsino couplings, as well 
as on the squark mixing angles and phases. Quite generally, the terms propor- 
tional to Y t are important. We have also included the terms proportional to 
the bottom Yukawa coupling Yj, which cannot be neglected for large tan/3. 

The loop integrations for <P(s) and d z (s) are donc_with the Passarino- 
Veltman three point functions C , Cj, and Cu (i = l,2)u. 

More details about the calculation of d 7 (s) and d z (s) can be found inH. 

3 Asymmetries 

With the formfactors <F(s) and d (s) we can define asymmetries that measure 
the i-polarizationEJ. The first asymmetry we consider is the energy asymmetry 
in b or b 

\E_ i \ _ #b(b)( E b(i)> E o)-#b(b)( E b(i)< E o) /o\ 

A b(b)\ b ) ~ # K5 ) ( E b(b) >-Bo)+# M E) ( E h(i) < E o) ' [0) 

where Eq = ^/s(ntf — rr? w ) / '(4?7i 2 ) is the average energy of the b or b. The 
corresponding &P quantity (Figure 1) is 

R(s) = Af (a) - Af (a) = -8 a b (3 t 9m [H x ]/N t (4) 

where N t is a normalization factor proportional to the total cross section, 
/3 = y/l - Am 2 t /s, a b = (to 2 - 2to 2 f )/(to 2 + 2m%), 

Hi = (1 - PP)#f + (P - P)^ , (5) 

H i = (| - c v g v h z )d\s) - (\c v h z - (cy + c 2 A )g v h 2 z )d z (s) , (6) 

H? = -c A g v h z d?{s) - (\c A h z - 2c v c A gvh 2 z )d z (s) , (7) 
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Figure 1: R(s) (full line); contributions: 
chargino (dashed line), ncutralino (dotted 
line), gluino (dashed— dotted line). 
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Figure 2: O fb (s) (full line); contributions: 
chargino (dashed line), neutralino (dotted 
line), gluino (dashed— dotted line). 



P(P) are the e~(e + ) longitudinal polarizations, cy = —(1/2) + 2 sin 2 6 W and 
c A = (1/2) are the Ze + e~ couplings, and hz = s/[(s — m 2 z ) sin 2 2@ w ]. 
The forward-backward asymmetry is 



with cos ( 



Kb) 



\FB I \ _ #t>(5)( cos6l b(5)> )-#b(5)( c o s9 HB)< ) 
A b(b)\ S ) ~ # il(S) (cos9 t , (S) >0)+# i , (S) (cose ij(5) <0) 

p e -Pb(b)i where p x is the direction of particle 



(8) 



Since CP(A£ S ) = -Af B , the JSPquantity is O fb = A£ s +A£ s (Figure 2) 



-12a 6 



where 



1-ft 2 



Pi 



hi 



1-ft 



H 2 



i 



(i - pp)ffj 



(it 
- (P - P)H% 



[H 2 ]/N t 



-c A g A h z d\s) + 2c v c A g A h z d (s) 



H% = -c v g A h z d\s) + {c\ + c A )g A h 2 z d z {s) 



(9) 
(10) 

(11) 
(12) 



With the triple products T^fb) = Pe-{Pt x Pub)) one can define the asym- 



metry A b(b 



T_ _ #lT H - b) >0]-#lT bCb) <0] 



b(b) #[T 6(5) >0]+#[T 6(5) <0]- 



The J3F quantity is the difference 



O 1 = k{ - A^ = 3 a b tt £- Ke [D^/N, 



(13) 



where D x = (1 - PP)^ + (P - P)#f. 



For the numercial analysis we take s/s = 500 GeV, m w — 80 GeV, m t — 
175 GeV, nib = 5 GeV, a s =0.1, a em — y^g, and the following set of SUSY 
parameter values: M = 230 GeV, |/x| = 250 GeV, m ?i 2 = 150(400) GeV, 

m ii(2} = 270(280) GeV, tan/3 = 2, ^ = f , % = f, n = §, 0g = &, ¥> S = f 
and for the beam polarizations: P = 0.8, P = —0.8. 

In Figure 1 we show R(s) and in Figure 2 we show O fb for the set of 
parameters given above. The &P ratios R(s) and O fb depending on 9m<i 7 (s) 
and 3md z (s), show spikes (see Fig. 1). They are due to threshhold effects 
in the fermion pair production in the loop. These spikes only appear in the 
chargino and neutralino contributions. 
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